Abstract Microdialysis can be used in parallel to deep brain stimulation (DBS) to relate biochemical changes to the clinical outcome. The aim of the study was to use the finite element method to predict the tissue volume of influence (TVI max ) and its cross-sectional radius (r TVImax ) when using brain microdialysis, and visualize the TVI max in relation to patient anatomy. An equation based on Fick's law was used to simulate the TVI max . Factorial design and regression analysis were used to investigate the impact of the diffusion coefficient, tortuosity and loss rate on the r TVImax . A calf brain tissue experiment was performed to further evaluate these parameters. The model was implemented with pre-(MRI) and post-(CT) operative patient images for simulation of the TVI max for four patients undergoing microdialysis in parallel to DBS. Using physiologically relevant parameter values, the r TVImax for analytes with a diffusion coefficient D = 7.5 9 10 -6 cm 2 /s was estimated to 0.85 ± 0.25 mm. The simulations showed agreement with experimental data. Due to an implanted gold thread, the catheter positions were visible in the post-operative images. The TVI max was visualized for each catheter. The biochemical changes could thereby be related to their anatomical origin, facilitating interpretation of results.
Introduction
Microdialysis is a method for monitoring of the local biochemical environment in a region of interest, and is a commonly used technique for sampling biochemical substances in the brain [5] . The method uses a catheter, mimicking a blood capillary, which can be inserted into a variety of tissues. Cerebral microdialysis is used for bedside monitoring in neuro-intensive care [13] as well as a research tool within areas such as drug delivery and neurooncology [34] .
A recent application for brain microdialysis is the sampling of neuroactive substances in the basal ganglia during deep brain stimulation (DBS) [12, 15, 30] . Galati and colleagues [12] used microdialysis for sampling in thein parallel to DBS for patients with Parkinson's disease (unpublished material). For these patients, a large number of neuroactive substances are under investigation, to correlate electric stimulation of the subthalamic nucleus (STN) with local biochemical changes in surrounding basal ganglia nuclei.
For microdialysis measurements in general it would be highly beneficial if the sampling volume around the catheter could be predicted. This becomes especially important when performing microdialysis in the basal ganglia, since these nuclei are in the millimeter range and there are multiple biochemical pathways connecting them [9] . When analyzing microdialysis data in these structures, it is therefore desirable to estimate and visualize the position and sampling volume for each microdialysis catheter in relation to patient anatomy. In this way, the biochemical data can be interpreted in relation to anatomical targets.
Mathematical formulas and models have been developed to describe the movement of analytes in brain tissue [21, 22, 31] . Diffusion, as described by Fick's law, is considered the dominating process for analyte transport in tissue [1, 22] . If analyte movement is assumed to occur in the extracellular space, a process known as volume transmission [11] , diffusion in vivo can be satisfactorily described by using a volume averaged formulation of Fick's diffusion equation [21, 22] . The input parameters of this equation have been extensively evaluated for different parts of the brain [31] . Furthermore, the equation has been implemented using the finite element method (FEM) and finite volume discretization methods, in order to simulate and visualize movement of analytes in the brain [14, 16] .
In the present study we have used FEM for estimation and visualization of the volume of influence associated with microdialysis catheters positioned in basal ganglia nuclei. The overall aim was to develop a FEM model for prediction of the tissue volume from which biochemical data is obtained, and evaluate the model input parameters using statistical analysis and experimental data. A second aim was to implement the model with pre-and post-operative images for patients undergoing microdialysis in parallel to DBS, in order to structure-specifically predict the location and associated sampling volume of each microdialysis catheter.
Materials and methods

Microdialysis FEM model
Governing equations
By using volume averaging and assuming that the molecules are restricted to the extracellular space of the tissue, the migration of molecules in brain tissue can be described using a volume averaged form of Fick's diffusion equation [21, 31] :
where C (nmol/l) is the analyte concentration in the extracellular space as a function of space and time, C(x, y, z, t); D (cm 2 /s) is the analyte diffusion coefficient in solution and k is the tortuosity; k is a scalar when the tissue is isotropic, and a second-order tensor in case of anisotropy; a is a scalar corresponding to the volume fraction of the extracellular space; Q/a represents analyte generation in the tissue. The term ṽrC stands for bulk flow, where ṽ is a velocity vector and the velocities are functions of space and time. f(C)/a is the rate of analyte loss from the extracellular space. In order to solve the diffusion problem, Eq. 1 must be combined with suitable assumptions, boundary conditions and initial conditions.
Maximum tissue volume of influence
It is here expected that the maximum sampling distance of a substance for a certain time interval is equal to the maximum distance that the same substance is able to diffuse in tissue during the same time interval. Under this assumption, the maximum sampling distance for an analyte during microdialysis can be predicted by simulating reverse microdialysis, i.e. release of the analyte from the catheter into the tissue. Therefore, the maximum tissue volume of influence (TVI max ) and its associated crosssectional radius (r TVImax ) for a microdialysis fraction was defined by implementing Eq. 1, together with the following assumptions:
• The bulk flow term ṽrC and the source term Q are neglected.
• The loss term is set to f(C) = kaC, where k (s -1 ) is a loss rate constant describing linear, nonspecific uptake and metabolism of the analyte.
• k, D and k are used as input parameters and set for each simulation.
• The analyte concentration at the catheter boundary is set to a constant, c b . The outer boundary of the TVI max is defined with a concentration isolevel, connecting the points where c = 0.01c b .
The resulting equation becomes:
In order to simulate and visualize the TVI max , Eq. 2 is combined with boundary and initial conditions according to Fig. 1a . The defined r TVImax and associated TVI max are visualized in Fig. 1b-d . The r TVImax corresponds to the migration distance of the analyte molecules, with the stated isolevel, in relation to the catheter. If diffusion is isotropic, the r TVImax will have one single value. For anisotropic diffusion, the r TVImax must be further divided into x, y and z components.
Model input parameters
The model was statistically evaluated by varying the following parameters:
The diffusion coefficient, D In this study, the TVI max will be evaluated for D values in the range 4 9 10 -6 -1 9 10 -5 (cm 2 /s). This interval covers the neuroactive analytes of interest [27] , as well as the analyte used for the experimental evaluation.
The loss rate constant, k The values of k are assumed to be evenly distributed on the interval 0.003-0.010 s -1 , based on literature data for small molecules, such as neurotransmitters, when specific, high-affinity uptake is absent [8, 23, 26] .
The tortuosity value, k The values of k are assumed to be normally distributed with a mean of 1.59 and a standard deviation of 0.096, based on experimental values from a number of studies [31] .
Anisotropy In the current study, catheters are placed in basal ganglia nuclei which are considered to consist mainly of isotropic, grey matter. However, parts of the basal ganglia are crossed by white fibre tracts [17] , and the impact of different degrees of anisotropy on tissue diffusion will therefore be evaluated and visualized. Anisotropic tortuosity values ranging from 1.4 to 1.95 [18, 28, 33] will act as the basis for the anisotropy evaluation.
Model evaluation
Simulations
Simulations (total n = 448) were performed to evaluate the microdialysis model parameters. FEM software (Comsol Multiphysics 3.5, Comsol AB, Sweden) was used for setting up the microdialysis simulations. The catheter model geometry was based on the dimensions of the catheter used for the ex vivo and in vivo experiments (CMA64 and CMA65, CMA Microdialysis AB, Sweden). The simulations were performed using Eq. 2, with boundary and initial conditions according to Fig. 1a . The model was solved using Comsol Multiphysics' iterative system solver GMRES.
Statistical evaluation of input parameters
A 2 3 -factorial design was used for a first rough estimation of the impact of each input parameter on the r TVImax within the parameter intervals of interest (Tables 1, 2 ). Based on the factorial design, an effect plot for each parameter was created.
Regression analysis was carried out to model the simulated r TVImax and its associated prediction interval as a function of D, with varying values of k and k. Isotropic diffusion was assumed, and k was thereby considered a scalar quantity. The value of D was varied in steps of 0.25 9 10 -6 over the stated interval, and 14 simulations were performed for each D (n = 350). For each simulation, a randomly generated combination of k and k was used, based on the stated distributions. The regression analysis was performed using Minitab (Minitab Inc., USA).
To visualize how the r TVImax was affected by different degrees of anisotropy, simulations were carried out with k as a second-order tensor. The simulations were performed in two dimensions, using three different tensor values of k with increasing degree of anisotropy. The value of D was set to 4.2 9 10 -6 cm 2 /s. Thirty simulations were performed for each k (total n = 90), and the values of the r TVImax in the x and y direction were measured. A randomly generated value of k, within the given parameter interval, was used for each simulation.
Ex vivo evaluation
In order to estimate diffusion in the deep brain structures, a microdialysis experiment was performed on brain tissue from calf obtained from the local slaughterhouse (use approved by the Swedish Board of Agriculture, D.O. 38-172/09). The microdialysis catheter (CMA64, CMA Microdialysis AB, Sweden) was placed into the basal ganglia, aiming at the putamen, by using a Venflon Ò catheter as guide. Crystal violet solution, with molecular weight of 407.98 g/mol (Sigma Aldrich, St Louis, USA), was used as perfusion fluid. The flow rate was set to 0.5 l/min and microdialysis was performed for 1 h. The tissue was cut in 1 mm thick slices (n = 10) perpendicular to the catheter membrane, and the cross-sectional radius of the coloured surface corresponding to the migration of crystal violet was measured in two directions. To improve accuracy, the experiment was repeated three times (total n = 30). To compare the experiment to the FEM simulations and the statistical analysis, the experiment images were superimposed with traced circles corresponding to the predicted r TVImax . D for crystal violet was assumed to be 4.2 cm 2 /s, based on manufacturer data.
Patient-specific microdialysis FEM models
The presented FEM model was here implemented together with image data for patients undergoing microdialysis in the basal ganglia in parallel to DBS.
Patient data and surgical procedure
Four patients (aged 56 ± 8) referred for bilateral implantation of DBS electrodes in the STN, were included in the study. In addition to the DBS electrodes, three microdialysis catheters (CMA65, CMA Microdialysis AB, Sweden) were stereotactically implanted in the putamen (right side) and the GPi (left and right side). The patients gave informed written consent for participation in the study (Ethically approved by the Regional Ethics Committee at Linköping University, No. 51-04). Stereotactic imaging (1.5 T MR-scanner, Philips Intera, The Netherlands) was performed after placement of the Leksell Ò Stereotactic System (model G, Elekta Instrument AB, Sweden). A stereotactic CT (GE Lightspeed Ultra, GE Healthcare, UK) was done directly after the implantations.
Following imaging, each patient was referred to the neuro-intensive care unit where collection of biochemical samples was initiated. Microdialysis samples were obtained in 1-h fractions (2-h fractions for baseline recordings during nighttime), with a flow rate of 0.5 ll/min for a total period of 60 h. The microdialysis samples were analyzed with regard to several neuroactive substances (including dopamine, GABA, glutamate and serotonin) using high pressure liquid chromatography (HPLC) with electrochemical detection. The microdialysis monitoring is part of an ongoing study, and the results will be presented in a separate article when finished.
Brain and catheter models
Three-dimensional FEM models of the microdialysis catheters were created based on their real dimensions. A software tool developed in MatLab 7.6 (The MathWorks, USA) was used to set up tissue intensity and property matrices based on the pre-and post-operative patient images, as previously presented by Astrom et al. [2] . An overview of the simulation process is shown in Fig. 2 . The resulting effects are visualized in Fig. 3 Three property matrices were used to set up each patientspecific model:
The post-operative CT images were used to create an intensity matrix for catheter placement. A gold marker in the tip of each catheter was visible as an artefact in the CT images and acted as reference positions for the catheter models.
Matrix 2 The pre-operative MRI images were used to create an intensity matrix, to act as reference for the visualization of patient anatomy. The matrix included a tissue volume corresponding to the basal ganglia and part of the midbrain. Each voxel was represented with an intensity value, corresponding to that of the original MRI image.
Matrix 3 A property matrix with the same size and resolution as Matrix 2 was created, where each voxel value was replaced with a scalar value representing the effective diffusion coefficient, D e = D/k 2 .
Simulations and visualization
For each patient, the TVI max around each catheter model was simulated by using Eq. 2, using D = 7.5 9 10 ). FEM simulation software (COMSOL Multiphysics 3.5, Comsol AB, Stockholm, Sweden) was used, with boundary and initial conditions according to Fig. 1 . The simulations were performed in a three-dimensional Cartesian co-ordinate system using the iterative system solver GMRES. The outline of the TVI max for each catheter was superimposed onto the pre-operative intensity images. Anatomical structures as extracted from the Morel and Schaltenbrand brain atlases [19, 29] were traced onto the images.
Results
The evaluation of the microdialysis FEM model is presented with data from the 2 3 -factorial design and the regression analysis, and with images where the modelled r TVImax is related to the ex vivo microdialysis experiment. The simulations and visualizations of the TVI max are presented in relation to patient anatomy. Figure 3a shows an effect plot, predicting the estimated effect of each input parameter (D, k, k) on the simulated r TVImax based on the 2 3 -factorial design. The plot indicates that an increasing value of D increases the r TVImax , whilst increasing values of k and k decreases it. Within the current parameter intervals, an increasing value of k has a larger effect on the r TVImax than an increase in k. Figure 3b presents the results of the regression analysis, including the fitted regression line and an associated double-sided 95% prediction interval. When studying the
Microdialysis FEM model
Statistical evaluation of input parameters
where r corresponds to the r TVImax (mm). R 2 = 41.1% (P \ 0.05), showing that there is a large variability that cannot be explained by the model. The model shows that an increased value of D increases the r TVImax , which is in accordance with the results from the factorial design. For analytes with D values within the interval of interest, the r TVImax ranges from 0.6 to 0.9 mm. For a neurotransmitter with D = 7.5 9 10 -6 cm 2 /s, the r TVImax is 0.85 mm with a 95% prediction interval ranging over about 0.5 mm.
Ex vivo microdialysis
Two representative images from the ex vivo microdialysis experiment are shown in Fig. 4 , superimposed with traced circles corresponding to the axial extension of the modelled r TVImax . The tissue slice images from the ex vivo experiment showed a mean cross-sectional radius, corresponding to the migration of crystal violet, of 0.64 ± 0.08 mm. This corresponds well to the regression model prediction for crystal violet (Eq. 3, using D = 4.2 9 10 -6 cm 2 /s), which gives r TVImax = 0.65 mm with an associated prediction interval ranging from 0.48 to 0.86 mm.
In Fig. 4a , each image has been superimposed with a circle corresponding to the r TVImax for crystal violet according to the regression model (Eq. 3). The associated 95% prediction interval of the regression model is included. For the right image, there is overall agreement between the coloured surface and the model prediction. For the left image, the r TVImax is well fitted to the outer boundary of the coloured surface in one direction and clearly overestimated in the other. In Fig. 4b-d , the same images are superimposed with circles corresponding to the r x and r y when simulating anisotropic diffusion, using the mean value and standard deviation for each set of simulations. It is seen that an anisotropic model fits the borders of the left images considerably better than the isotropic regression model, and that anisotropic diffusion affects the shape of the TVI max . Figure 2 shows that due to the artefacts originating from the gold tips, the position and direction of each microdialysis catheter can be confirmed in relation to patient anatomy. Thereby, the post-operative images provide a suitable basis when localizing the catheter positions for the microdialysis simulations. Figure 5 presents the simulation of the TVI max in relation to anatomy for each patient, for a substance with D = 7.5 9 10 -6 cm 2 /s. The simulated r TVImax for each catheter is 0.85 mm in each direction, as predicted from Eq. 3. In Fig. 5a , three-dimensional images are used to provide a spatial overview of the TVI max in relation to patient anatomy. In Fig. 5b , axial MRI slices are shown, including outlines of the modelled TVI max and the extracted brain atlas contours [19, 29] . The upper limit of the 95% prediction interval for the r TVImax for each catheter, according to Eq. 3, has been added. It is seen that the r TVImax is sufficiently small to relate microdialysis data to one main nucleus for each catheter, and that there are differences regarding target areas between the patients. For patient 1 and 3, the catheters and their associated sampling volumes are located within the anatomical targets aimed at. For patient 2, the right globus pallidus externa (GPe) is sampled rather than the right GPi. For patient 4, two catheters and their associated TVI max can be traced to the putamen, and the third to the substantia nigra.
Patient-specific microdialysis FEM models
Microdialysis data
In order to demonstrate how the model can be used clinically, microdialysis data for dopamine (D = 7.5 9 10 -6 cm 2 /s [27] ) for patient 1 is shown in Fig. 6 . The data is presented together with the DBS stimulation protocol, indicating that this protocol is suitable for studying changes of transmitter levels in the basal ganglia. As presented for patient 1 in Fig. 5 , the simulated TVI max limits the microdialysis data for each catheter to one main anatomical target area. Following stimulation, a dopamine concentration increase can be observed for one catheter only, thereby indicating that there are differences in the biochemical signalling between the sampled targets. 
Discussion
The present study demonstrates how analyte diffusion simulations can be combined with post-operative patient images, in order to visualize the maximum tissue volume that is being sampled during brain microdialysis. In this way, the microdialysis data to be analyzed can be related to their anatomical origin. Figure 6 confirms that changes in neurotransmitter levels clearly differ between catheters placed in different anatomical targets, thereby verifying the need to confirm the target area for each catheter.
The defined TVI max is a qualitative estimation of the maximum tissue volume that can be sampled during brain microdialysis. For a substance with D = 7.5 9 10 -6 cm 2 /s, representative for that of several neuroactive substances [27] , the r TVImax can be predicted with an accuracy of 0.85 ± 0.25 mm. As can be seen in Fig. 5 , most basal ganglia nuclei are a few millimetres in size, and the defined TVI max can in most cases be traced to one anatomical target. In such cases, the TVI max confirms which target is being sampled and excludes the involvement of neighbouring structures. It is therefore clinically beneficial to visualize the r TVImax and associated TVI max for a catheter when using brain microdialysis, to determine whether the measurement sites are correct and comparable between patients when interpreting physiological data. The extension of the TVI max is also reasonable in comparison to previous studies, predicting that the microdialysis penetration depth for similar substances would be within the millimetre range [3, 4, 10] .
Model assumptions and limitations
The idea of the TVI max is to simulate the maximum analyte migration distance (r TVImax ) in all directions from the microdialysis catheter, using physiologically relevant parameter values. Thereby, it provides a qualitative measurement of the maximum tissue volume that can be sampled during brain microdialysis. This information is especially valuable when the defined TVI max fits within one anatomical target (e.g. GPi or putamen), as for patient 1 and patient 3 in Fig. 5 . In such cases, it can be concluded that the biochemical data originates from that specific region, thereby excluding the influence of surrounding anatomical structures. For cases where the microdialysis catheter is located between target areas, as can be seen for patient 4 in Fig. 5 , the TVI max can be used to confirm that both areas are possibly influencing the resulting data. In order to draw specific conclusions regarding the impact of each nuclei, local tissue properties as well as the behaviour of the substance of interest in the particular tissue volume would have to be more closely evaluated. The TVI max is defined and simulated by using physiologically relevant values of D, k and k as input parameters. Similar input parameters have been used by Bungay et al. [3] to mathematically define the spatial resolution of microdialysis. For DOPAC, a neuroactive substance with D = 7.5 9 10 -6 cm 2 /s [27] , a 90% penetration depth of 0.35 mm was found in their study. The r TVImax for a substance such as DOPAC, using our approach, would be 0.85 mm. However, if an isolevel of 90% was used instead of 99%, the simulated r TVImax would be about 0.4 mm, thereby showing good agreement with the work of Bungay et al. [3] . The choice of isolevel at 99% in our study was due to the fact that the neurotransmitter concentrations, according to the obtained microdialysis data, were generally in the nanomolar range whilst the detection limit for the HPLC system is in the picomolar range. A biochemical change in the nanomolar range, at a distance from the probe corresponding to r TVImax at a 99% isolevel, would therefore be qualitatively detectable using the current equipment.
In this study, the microdialysis catheter locations are patient-specifically defined and visualized whilst the diffusion simulations are performed in a more general manner. The intension of the study was to develop a diffusion model for basal ganglia nuclei, considered to consist mainly of grey matter, and isotropic diffusion has therefore been assumed. This is valid as long as the catheter is placed in the intended target areas, since grey matter, in comparison to white matter, is considered to be isotropic [17] . As can be seen in Fig. 5 , however, the catheters may end up outside the nuclei of interest, resulting in possible anisotropic diffusion which affects the shape of the TVI max (Fig. 4) . Therefore, in order to make the models truly patient-specific, local tissue properties would have to be defined and included. Diffusion tensor imaging (DTI) has previously been used for predicting heterogenous and anisotropic drug transport in the brain [16] , and could be suitable for patient-specific diffusion simulations. DTI images have low resolution, however, and may not accurately represent local tissue properties within the millimeter range.
Impact of different parameters on the predicted TVI max
The regression model was created for presenting the r TVImax as a function of D, with the underlying assumption that the value of D for an analyte can be estimated if its physical properties are known [25, 36] . The values of k and k cannot be measured for an individual patient, and the regression model was therefore based on the assumption that these parameters vary within stated intervals. Within these intervals, the variability of the r TVImax is large (about 50%). This is reasonable with regard to the stated parameter intervals, and in accordance with previous studies [3, 6] . Even when considering the outer limit of the 95% prediction interval (Fig. 5) , the r TVImax is generally small enough to draw conclusions in relation to the anatomical structures of interest. The value of k was assumed to be normally distributed with a mean of 1.59 and a standard deviation \0.01, estimated from a number of literature values [31] . A mean k of about 1.6 is in agreement with other studies [21, 24] , so the assumption is considered appropriate. The k values used for this study are based on data proposed for small molecules, including neurotransmitters, when high-affinity uptake is absent [8, 23, 26, 31] , and result in an interval causing large variations of the r TVImax (Fig. 3) . This is in accordance with previous studies, proposing that the variation of k tend to cause a large variation of the penetration depth [3, 6] . The loss rate term takes only nonspecific, linear uptake into account, in order to keep the model as general as possible. Biologically active molecules such as neurotransmitters may experience a more complex, increased loss pattern due to specific uptake and metabolism [20, 21, 32] , which is an important factor in determining the analyte time course in certain regions of the brain [7, 8, 35] . Consequently, neglecting the specific uptake may result in a large overestimation of the r TVImax . An additional loss term for a certain substance in a particular target area could be included in future simulations to refine the tissue volume of influence. This may be useful in cases where the TVI max is placed between structures, as for patient 4 in Fig. 5 , or for applications where a more detailed estimation of the tissue volume of influence for a particular substance is needed. Figure 4 compares the ex vivo microdialysis data to the modelled r TVImax , in order to evaluate the diffusion model. Practical difficulties were experienced when handling and cutting the fresh brain tissue, which may have altered the thickness and shape of the tissue slices. However, general agreement was seen between the slices regarding shape and size of the coloured surface, suggesting that the model assumptions are reasonable. For the left image, the r TVImax is overestimated in one direction, indicating possible tissue anisotropy. When introducing different levels of anisotropy ( Fig. 4b-d) , a gradually increasing agreement is seen between the image and the model data. The resulting r TVImax is, however, generally altered by less than 0.1 mm compared to the isotropic case. It should also be noted that the uneven shape may result from 'squeezing' of the tissue during the cutting.
Relating the model to patient data and DBS
The second aim of the current study was to implement the microdialysis model together with patient data, in order to relate the simulated TVI max to anatomical targets for each patient. As can be seen in Fig. 2 , the post-operative CT scans can be used for localization of the microdialysis catheters due to the gold tip, thereby allowing microdialysis simulations and visualization in relation to patient anatomy. The particular application of interest for the patients included in the study is relating microdialysis data to the outcome of DBS. An example of the resulting data has been included, in order to verify that the protocol is suitable for the current application and that there is a need to differentiate between different anatomical targets. The remaining biochemical data will be presented in a future study, where the developed models will be used for prediction of the TVI max for each microdialysis catheter.
In this study, FEM has been used for the microdialysis simulations. When used with suitable software, FEM is a powerful and flexible method which allows coupling of different physical phenomena. FEM has previously been used by our group for patient-specific simulations of the distribution of electric parameters around DBS electrodes [2] . For patients undergoing microdialysis in parallel to DBS, as in this study, a possible next step is to combine the microdialysis model with the electric field predictions to draw further conclusions about the mechanisms of DBS. The current microdialysis model can also be further developed, allowing model refinement as well as adaptation to other tissues and applications. Prediction of the volume of influence during neuro-intensive care and estimation of tissue parameters when using microdialysis in skin are two examples of clinical applications where the developed model can be used.
